Small-angle X-ray scattering (SAXS) is one of the major tools for the study of model membranes, but interpretation of the scattering data remains non-trivial. Current approaches allow the extraction of some structural parameters and the electron density profile of lipid bilayers. Here it is demonstrated that parametric modelling can be employed to determine the polydispersity of spherical or ellipsoidal vesicles and describe the electron density profile across the lipid bilayer. This approach is implemented in the computer program BILMIX. BILMIX delivers a description of the electron density of a lipid bilayer from SAXS data and simultaneously generates the corresponding size distribution of the unilamellar lipid vesicles.
Introduction
Integral membrane proteins are very important in cell communication with the environment. They perform a wide variety of vital cellular functions including energy production, transport of ions and/or molecules across the membrane, and signalling. Despite this tremendous relevance to cell biology and numerous medicine and pharmaceutical drug discovery programs, our knowledge of membrane protein structures is rather limited, especially when it comes to visualizing membrane proteins in their natural lipid bilayer environment (Maslennikov & Choe, 2013) .
Studies of integral membrane proteins often require extraction and purification of the protein before its incorporation into a well defined membrane-mimetic system that confers stability and solubility in aqueous solutions. However, the commonly used detergent micelles and micellar assemblies do not mimic some of the fundamental properties of native membranes, e.g. their bilayer structure, and may cause protein denaturation (Bordag & Keller, 2010) . Thus, special attention should be paid to the preservation of the native interactions between the protein and its surrounding lipids (Page et al., 2007) . This task is not trivial owing to the structural and functional diversity of membrane proteins and their lipid environments (White & Jacobs, 1990; Overington et al., 2006; Oluwole et al., 2017) . The most successful membrane-mimetic systems to date are (a) lipid bilayer nanodiscs, which were assembled initially with the aid of membrane scaffold proteins (Bayburt & Sligar, 2010) and, more recently, using styrene/maleic acid copolymers (Knowles et al., 2009; Lee et al., 2016; Orwick et al., 2012; Smirnova et al., 2016; Morrison et al., 2016) , and (b) freely floating lipid vesicles or liposomes, which are spherical lipid bilayers (Pautot et al., 2003; Hamada et al., 2008; Cheng et al., 2009; Cheng & London, 2011; Chiantia & London, 2012; Elani et al., 2015) . The undoubted advantage of the latter is that lipid bilayers can be prepared to match any desired lipid composition and size required to stabilize the respective membrane protein. Large unilamellar vesicles with a diameter of about 100 nm are the best suited for study by diverse nanoanalytical techniques. They have become workhorse model systems for proteinÀmembrane interaction studies, and structural characterization using small-angle scattering, fluorescent microscopy and NMR (Heberle et al., 2016) .
Small-angle X-ray scattering has been widely used to elucidate the nanostructure of vesicles and oriented membranes (Feigin & Svergun, 1987; Kučerka et al., 2005 Kučerka et al., , 2010 Narayanan et al., 2014 Narayanan et al., , 2016 Pabst et al., 2010; Marquardt et al., 2015) . Over the years, scattering length density (SLD) profiles, parameterized in the form of step functions or 'slabs' (e.g. Riske et al., 2001; King et al., 1985; Pencer & Hallett, 2000) as well as Gaussians (e.g. Wiener & White, 1992; Pabst et al., 2000; Nagle & Tristram-Nagle, 2000) , have been used to model lipid bilayers. Kučerka and coworkers (Klauda et al., 2006; developed a method of joint analysis of small-angle X-ray and neutron scattering (SAXS/SANS) data of a membrane structure at high resolution in terms of the scattering density profile (SDP). Recently, Fogarty et al. (2015) presented a new atom density profile model and a statistical approach for extracting structural characteristics of lipid bilayers from SAXS and SANS data. The accuracy in determining density profiles, atomic locations and bilayer structural characteristics demonstrated the possibility of visualization of a distinct hydration layer within the interfacial (backbone) region. Brzustowicz & Brunger (2005) developed an improved SLD model for determining asymmetric lipid bilayer structure in unilamellar vesicles. They obtained an asymmetric electron density profile of the lipid vesicle and determined the average radius with high accuracy using model fitting and direct calculation of the form factor via only one equation. Later, an SDP-based model for asymmetric bilayers was developed by Kučerka et al. (2007) and then improved for SANS/SAXS contrast variation (Pabst et al., 2010; Marquardt et al., 2015) . Recently, Eicher et al. (2017) developed an asymmetric SDP model, which allows a more precise definition of the centre of the asymmetric bilayer in order to disentangle leaflet-specific thicknesses and lipid packing densities and also offers a joint analysis of SAXS and SANS data at a lower spatial resolution.
Here we present a new approach for the structural analysis of liposomes including those composed of several types of lipids. It utilizes a parametric representation of the electron density profile and also accounts for the vesicle size poly-dispersity, following the methodology first described by Pabst et al. (2000) . The use of the method is illustrated by its application to the experimental data from unloaded liposomes. The method is implemented in the program BILMIX, also described here, and available as part of the ATSAS package (Franke et al., 2017) .
Materials and methods

Preparation of liposomes
All lipids [dioleoylphosphatidylcholine (DOPC), dioleoylphosphatidylserine (DOPS), bovine brain extract of phosphatidylserines (bPS), palmitoyloleoylphosphatidylcholine (POPC), egg sphingomyelin (SM) and cholesterol (Chol)] were purchased from Avanti Polar Lipids, USA. Liposomes were prepared by vacuum drying of a chloroform (Sigma, USA) solution of the given lipid composition for 1 h, with mol.% fractions of selected lipids, followed by resuspension into working buffer solution (100 mM NaCl, 50 mM MES pH 7.0) to a final total lipid concentration of 2 mg ml À1 . After rigorous vortexing of the suspension for 10 min, it was extruded through two polycarbonate membranes with a pore diameter of 100 nm . Only freshly made liposome suspensions were used for further SAXS experiments.
Molecular dynamics
To find the representative structure of DOPC and DOPS molecules and calculate the electron density profile of the bilayer, molecular dynamics (MD) simulations of the 90/10 (in mol.%) DOPC/DOPS bilayer at 310 K using Gromacs 5.12 (Abraham et al., 2015) were performed. Simulations used the Slipids force field (Jä mbeck & Lyubartsev, 2012) for DOPC and DOPS molecules and tip3p for the solvent water (Jorgensen et al., 1983) . The starting monolayer (10 Â 10 molecules) was constructed by replication of the DOPC and DOPS molecules in the given ratio in the x and y directions displaced by 0.8 nm. Two monolayers were then joined, keeping the distance between the phosphorus atoms of different layers at 4 nm. The bilayer was placed in the middle of an 8 Â 8 Â 8 nm box and solvated. The energy of the resulting system was minimized using the steepest descent algorithm (10 000 steps). Then it was equilibrated for 1 ns at a constant temperature (310 K, v-rescale thermostat) and pressure (1 atm) controlled by the Berendsen barostat in a semi-isotropic manner with an integration step of 1 fs. Finally, a 100 ns production run was performed with similar parameters, with the exception of an integration step equal to 2 fs and the use of the Parrinello-Rahman barostat. Equilibration of the bilayer was analysed by the assessment of its thickness and surface area per DOPC/DOPS molecule. MES pH 7.0 buffer were measured at 283 K. Four different compositions of liposomes were studied. Data were recorded using a Pilatus 2M detector (DECTRIS, Switzerland) with 20 Â 0.05 s exposure time, a sample-detector distance of 3.00 m and X-ray wavelength 0.12 nm, covering the momentum transfer range 0.03 < s < 6.0 nm À1 (with s = 4 sin /, where 2 is the scattering angle and is the wavelength). No measurable radiation damage was detected in the comparison of successive frames.
SAXS data were processed with PRIMUS (Konarev et al., 2003) from the ATSAS package (Franke et al., 2017) using standard procedures. The data were normalized by the transmitted intensity and the buffer contribution was subtracted.
Electron density profiles of the liposome phospholipid bilayers were determined using BILMIX, a modified version of the program MIXTURE (Konarev et al., 2003) where the form factors of the diffuse scattering from the bilayer (Pabst et al., 2003) and the form factor of the polydisperse core-shell ellipsoids of rotation were added as additional components.
Results
Parametric modelling of the electron density distribution of the bilayer
It has previously been shown that SAXS/SANS data from symmetric lipid vesicles can be approximated under certain conditions by the product of the form factor of a thin spherical shell (F TS ) (containing information about the vesicle size) and the form factor of a flat bilayer sheet (F FB ) (containing information about the density distribution across the bilayer) (Kiselev et al., 2002; Pencer et al., 2006) . This approach is often referred to as the separated form factor (SFF) approximation and is valid when the length scales of the vesicle radius and bilayer thickness are well separated, such that F TS and F FB can be treated independently (Eicher et al., 2017; Pencer et al., 2006) . However, this approach does not take into account any size polydispersity of the vesicles and the fitting procedure is complicated by the nonlinear dependence of the optimized parameters from both form factors.
Previously, we developed the program MIXTURE (Konarev et al., 2003) to model the SAXS/SANS data from polydisperse multicomponent systems. MIXTURE uses simple geometrical bodies (solid spheres, core-shell spherical particles, solid and core-shell cylinders, dumb-bells, and ellipsoids) and takes into account both size polydispersity and interparticle interactions. Up to ten different components can be used to model polydisperse mixtures and fit the experimental scattering patterns. MIXTURE can be run automatically using a command file with model specifications and initial values of the parameters as well as their upper and lower limits. The volume fractions of each component and corresponding structural parameters (size, polydispersity, length, the electron density of the core and shell particle parts etc.) are optimized in order to provide the best fit, minimizing the discrepancy value 2 .
Here, we describe a modified version of MIXTURE (called BILMIX), where an additional component is added to the flat bilayer form factor, calculated as I FB (s) = |F FB (s)| 2 /s 2 where F FB (s) is the Fourier transform of the electron density profile of a bilayer described as
The first two Gaussian terms, of width H1 centred at z H1 , represent the hydrophilic lipid polar headgroups, the third Gaussian term, of width C at the centre of the bilayer shell, accounts for the hydrophobic hydrocarbon chains and r is the ratio of the electron density of the hydrocarbon chains to that of the headgroups (the latter are set to unity). The equation was adapted from the literature (Pabst et al., 2000; Brzustowicz & Brunger, 2005) . The last term in equation (1) corresponds to the general case of asymmetry of the electron density profile, for example in case of interaction of the liposome with a protein or other binding partner. Fig. 1 represents this scheme graphically. For the data sets considered in this work, A 2 was set to zero as the samples contained no proteins or other binding partners.
Using the above SFF approximation and taking into account the vesicle size polydispersity, the measured intensity can be expressed as Parametric description of the electron density profile used in BILMIX.
The left-hand side shows a hybrid Gaussian model, where the first Gaussian at z H1 accounts for the polar head group and the second Gaussian at z H2 represents the interacting binding partner (e.g. protein) to the liposome. The origin of the profile is set to the bilayer centre. The right-hand side is expressed as a single Gaussian for the head group at z H1 . r is the normalized contrast of the hydrocarbon chains with respect to the average electron density of the solvent. The widths of the Gaussians for the polar head group, binding partner and hydrocarbon chains are H1 , H2 and C , respectively.
IðsÞ ffi
where D V (r) is the volume distribution of the vesicles, F TS (s, r) is the form factor of a thin spherical shell with radius r and F FB (s, r) is the form factor of the flat lipid bilayer. In the calculations below, the volume distribution of lipid vesicles D V (r) is parameterized by a monomodal Gaussian distribution with mean radius R and width R . The optimized parameters describing the bilayer liposome structure and overall sizes of spherical liposome vesicles obtained from SAXS experimental data using BILMIX.
Running
The parameter values in parentheses correspond to the case of polydisperse ellipsoids of revolution with semiaxes (R, R, vR).
Sample (1) Sample (2) Sample (3) Sample ( Experimental SAXS data (dots with error bars) superposed with the calculated scattering from the polydisperse spherical particle and lipid bilayer vesicle model obtained by BILMIX (solid lines). The electron density profiles of the bilayers obtained from BILMIX are shown as insets.
The .fit file contains the data needed to plot the experimental data and the BILMIX fit in a three-column format (the momentum transfer s axis, experimental data, BILMIX fit). The .den file contains the electron density profile of the lipid bilayer in the model in a two-column format (r axis, electron density). The .vr file contains information about the volume size distribution of the vesicles with respect to the r axis. The bilmix.log file contains information about the experimental data and obtained fitting parameters for each component of the model. After each run BILMIX adds information to this file, giving a comprehensive history of the model process.
Applying BILMIX to the analysis of SAXS data from liposomes of mixed lipid composition
The scattering profiles from liposomes with four different lipid compositions (see Table 2 ) are shown in Fig. 2 . All curves show a broad peak in the s range 0.5-2.5 nm À1 that arises from the single liposome bilayer. BILMIX was employed for parametric data analysis, and the details of the BILMIX algorithm and results of the data fitting are described below.
The experimental SAXS data presented in Fig. 2 exhibit a rapid decrease of the scattering intensity at low angles, pointing to the presence of large particles (with an effective radius above 50 nm), and also display a wide maximum typical for bilayer lipid vesicles. Taking this into account, we used BILMIX to model the experimental data by a superposition of the scattering from the large spherical vesicles and the diffuse scattering from the vesicle bilayers. The exact calculation of the bilayer form factor with size polydispersity is time consuming because of the need for multiple integration steps and is a cumbersome task for the minimization procedures. The approximation implemented in BILMIX takes into account the size polydispersity of the liposomes and decouples the parameters of the form factors by representing the scattering signal as the sum of two components, the first describing the polydisperse spherical particles and the second representing the scattering from the lipid bilayer. This decoupling approximation was compared with the exact form factor calculation and the optimized parameters were found to be within 5% of each other.
Using this approach, it was possible to fit the experimental data from the liposomes (Fig. 3, dots with error bars) and obtain the electron density profiles of the lipid bilayers (Fig. 3,  solid curves) . BILMIX provides good fits to the data (final parameters summarized in Table 2 ) and the obtained density profiles allow meaningful conclusions about the system to be drawn. The restored electron density profiles for the DOPC/ DOPS liposomes are in good agreement with the results from other approaches based on experimental SAXS data (Kučerka et al., 2007; . Differences in the shape of the electron density profiles compared with those obtained in previous studies can be explained by a higher amount of DOPS (10 and 30%) in the DOPC/DOPS systems studied here (Fig. 4, curves 1 and 2) . The narrower electron density profile for the 30/90 system can be explained by the presence of fewer multilamellar vesicles in the suspension, as these are significantly reduced upon the addition of anionic lipids like DOPS (Kučerka et al., 2007) .
It appears that the liposome particles composed of four lipid components form bilayers with the largest distance between the polar headgroups and also the broadest density distributions (Fig. 4, curves 3 and 4) . This agrees well with reports (Kučerka, Perlmutter et al., 2008) that cholesterol increases bilayer thickness, regardless of chain length, in unsaturated lipids. In addition, it should be noted that the mixtures studied here give rise to the formation of liquidordered lipid domains (or rafts) in liposomal membranes (Heberle & Feigenson, 2011; Galimzyanov et al., 2017) . These would also significantly increase the width of the electron density profile (Heftberger et al., 2015) .
The spherical shape of vesicles can be treated in many cases as a good approximation to real liposome structures. However, there is experimental evidence (Nieh et al., 2006 ) that the vesicle shapes can have a moderate anisotropy. In order to take into account such shape peculiarities, BILMIX includes the option of using the form factor of the core-shell ellipsoid of revolution instead of the core-shell sphere. Table 2 presents the fitting results using both types of form factors (spherical and ellipsoidal). Fitting with ellipsoidal particles yields fits of similar quality with only a limited degree of ellipsoid anisotropy v and similar electron density profiles to fits using coreshell spheres.
Comparison of BILMIX with electron density profiles derived from MD simulations
In order to confirm that the electron density profile determined by BILMIX data is realistic, we have also performed MD simulations of the 90/10 DOPC/DOPS bilayer and calculated the electron density profile of the lipid bilayer using GROMACS. A reasonable agreement of the peak positions (and widths) of polar head groups and the central parts of the density profiles for the SAXS and MD-based density profiles can be seen in Fig. 5 . The minor differences in the region of the intermonolayer interface could be due to the absence of entropic terms in equation (1), which arise from steric repulsion between lipid tails from different membrane leaflets.
Discussion and conclusions
We have presented here a new tool to structurally characterize lipid vesicles from SAXS data, in terms of parametric electron density profiles. Previously developed approaches for electron density analysis (Pabst et al., 2000) have dealt with multilamellar vesicles showing Bragg peaks in the scattering data. BILMIX analyses SAXS data from single-bilayer liposome systems which do not feature peaks. For a DOPC/DOPS 90/10 mixture we show that the BILMIX-derived electron density profiles are almost in quantitative agreement with the results of all-atom molecular dynamics simulations (Fig. 5) .
BILMIX allows modelling of SAXS data from lipid vesicles using either spherical or ellipsoidal models. From the early days of SAXS, it has been clear that, in principle, the scattering from a monodisperse ellipsoid cannot be distinguished from that of a polydisperse system of spheres without additional information (Feigin & Svergun, 1987) . In general, therefore, we suggest that a sensible default is to assume spherical particles (which are rapid and straightforward to model using BILMIX). A model containing ellipsoidal particles should only be used if other complementary techniques suggest structural anisotropy.
The program BILMIX is written in Fortran, is cross-platform and is included in the major release (3.0) of the program package ATSAS (Franke et al., 2017) , freely available for academic users at https://www.embl-hamburg.de/biosaxs/ software.html. Detailed documentation of the program BILMIX can be found at https://www.embl-hamburg.de/ biosaxs/manuals/bilmix.html.
